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secondary batteries.[1] However, due to 
the limited energy density (≈387 Wh kg–1) 
of currently used Li-ion batteries (LIBs), 
they have gradually been unable to meet 
the requirements of practical applica-
tions. Benefiting from the characteristics 
of sulfur substance that with environ-
mental friendliness, natural abundance, 
low cost, and high theoretical energy den-
sity (2600 Wh kg–1), lithium–sulfur (Li–S) 
batteries offer great potentials for the 
next-generation energy storage systems.[2] 
The working mechanism of S-cathode 
is based on the redox reaction between 
elemental sulfur and Li-ions to produce 
long-chain and short-chain lithium poly-
sulfides (LiPSs).[3] Generally, the soluble 
polysulfides (i.e., the polysulfide anions 
and the molecular LiPSs) can shuttle 
through the macroporous polyolefin sepa-
rator, leading to the irreversible loss of 
active substances, self-discharge behavior, 

and severe capacity attenuation.[4,5] Moreover, the polysulfide 
passing from the cathodic region could accumulate on the 
anode surface and further reduce to short-chain Li2S2/Li2S, 
which can corrode the solid electrolyte interphase (SEI) and 
give rise to dendrite growth.[6] All of the above issues give for-
midable challenges to realize high-performance Li–S batteries 
with good cyclic stability and a long lifespan.

Covalent organic frameworks (COFs), which are character-
ized by lightweight elements, tunable chemical nature, and 
robust chemical/thermal stability, providing opportunities 
to construct task-specific materials for challenging Li–S bat-
teries.[7] The encapsulation of sulfur into the channel of COF 
is one of the most widely used strategies, of which LiPSs could 
be restricted within the cathodic area.[8] However, the soluble 
LiPSs cannot be fully constrained and inevitably dissolved 
into the solvent, accompanying by shuttle behavior over long-
term cycles. Beyond that, the sulfur components could also be 
polymerized on the COF matrix through covalent bonding (i.e., 
SNAr reaction), which allows fundamental investigation over 
the interplay between COF host and polymerized sulfur.[9] Nev-
ertheless, the poor conductivity of COF reduces the utilization 
rate of sulfur cathode. Owing to the advantages of intrinsically 
ordered pores, tunable building blocks, and selective perme-
ability of Li ions, the research interest has shifted to separator 
modification.[10] In 2018, Wang and co-workers[11a] proposed 
a COF-rGO double-layer membrane acting as ionic sieves 

Lithium–sulfur (Li–S) batteries are held great promise for next-generation  
high-energy-density devices; however, polysulfide shuttle and Li-dendrite growth 
severely hinders their commercial production. Herein, a sulfonate-rich COF 
(SCOF-2) is designed, synthesized, and used to modify the separator of Li–S 
batteries, providing a solution for the above challenges. It is found that the 
SCOF-2 features stronger electronegativity and larger interlayer spacing than 
that of none/monosulfonate COFs, which can facilitate the Li+ migration and 
alleviate the formation of Li-dendrites. Density functional theory (DFT) calcula-
tions and in situ Raman analysis demonstrate that the SCOF-2 possesses a 
narrow bandgap and strong interaction on sulfur species, thereby suppressing 
self-discharge behavior. As a result, the modified batteries deliver an ultralow 
attenuation rate of 0.047% per cycle over 800 cycles at 1 C, and excellent anti-
self-discharge performance by a low-capacity attenuation of 6.0% over one 
week. Additionally, even with the high-sulfur-loading cathode (3.2–8.2 mgs cm-2) 
and lean electrolyte (5 µL mgs

-1), the batteries still exhibit ≈80% capacity reten-
tion over 100 cycles, showing great potential for practical application.

1. Introduction

With the huge demand for portable devices and electric 
vehicles, it is highly urgent to develop high-energy-density 
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to inhibit the shuttle effect of polysulfide. Then, Guo and co-
workers[11b] reported a benzobisthiadiazole (BBT)-based COF 
modified separator for adsorbing the undesired LiPSs through 
the interaction between BBT active site and LiPSs. Moreover, 
Sun and co-workers[12] investigated a lithiated triazole-based 
COF for chemically trapped polysulfides and simultaneously 
increased the conduction of Li+. However, the polysulfied anion 
is a kind of Lewis base that different from the molecular LiPSs, 
which cannot be entrapped completely by the low-pole COF 
skeleton. Besides, the solvated Li+ that with a large space size 
generally brings inferior mobility in a densely stacked COF 
layer.[13] To construct a functional COF that with strong polarity, 
large layer spacing, and narrow bandgap for blocking poly-
sulfide species and synchronously regulating the transportation 
of Li+/e– is essential but still challenging.

Herein, we design and synthesize a dual-sulfonate COF 
(denoted as SCOF-2) and use it to modify the separator of Li–S 
batteries to provide a solution for the above challenges. The 
SCOF-2 tethered with the concentrated sulfonic group could 
act as an ionic sieve for repelling polysulfide anions, adsorbing 
molecular LiPSs, and simultaneously facilitating Li+ migra-
tion (Scheme 1a). Compared with that none/mono-sulfonate 
COFs, it is found that the SCOF-2 features stronger electron-
egativity and larger interlayer spacing, which can not only block 
the poly sulfides migration but also alleviate the formation of 
Li-dendrites. DFT calculations and in-situ Raman analysis 
demonstrate that the SCOF-2 possesses a narrow bandgap and 
strong interaction on sulfur species, thereby suppressing self-
discharge behavior. Accordingly, the SCOF-2 modified batteries 
deliver a high rate capacity of 479 mAh g–1 at 5 C current, an 

ultralow attenuation rate of 0.047% per cycle over 800 cycles 
at 1 C, and an excellent anti-self-discharge behavior by a low 
capacity attenuation of 6.0% over one week rest. Besides, 
a reversible capacity of 4.92 mAh cm–2 and 81.2% capacity 
retention over 100 cycles are achieved under the conditions of 
8.2 mgs cm–2 sulfur loading and lean electrolyte (5  µL mg–1), 
overwhelming most other COF materials used in Li–S batteries.

2. Results and Discussion

As illustrated in Scheme 1a, the SCOF-2 was synthesized from 
the condensation reaction of 2,5-diaminobenzene-1,4-disulfonic 
acid and 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde based 
on conventional Schiff-base reaction.[14] By changing the sul-
fonated building block with benzene-1,4-diamine or 2,5-diam-
inobenzenesulfonic acid, the counterparts of none-sulfonate 
COF (TpPa-COF) and monosulfonate COF (SCOF-1) were also 
synthesized for comparison (Scheme S1, Supporting Infor-
mation). In comparison with the pristine PP separator, the 
electronegative SCOF may block undesirable polysulfide spe-
cies and simultaneously enable selective permeability of Li+, 
thereby preventing the Li anode from being corroded (Scheme 
1b). The crystalline structure of COFs is firstly investigated by 
the powder X-ray diffraction (PXRD) and theoretical structural 
simulations. The experimental PXRD results indicate that 
SCOF-2 has two well-reserved peaks at 4.55° and 26.77°, cor-
responding to the (100), and (001) facets, respectively, which 
confirms the eclipsed stacking model (Figure 1a). After Pawley 
refinement, the unit cell parameters are a  = b  = 22.85 Å, and 
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Scheme 1. a) Schematic synthesis of the sulfonated COFs, selective permeability of Li+, and the blocking of polysulfides in Li–S batteries. b) Graphic 
comparison of the batteries with different separators: the battery with polypropylene (PP) separator shows shuttle effect and dendrite growth (left), 
while the SCOF-modified battery shows shuttle inhibition and dendrite-free (right).
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c = 4.61 Å with satisfied factors of Rp = 3.50% and Rwp = 4.57%. 
In addition, the PXRD patterns of TpPa-COF and SCOF-1 also 
exhibit characteristic peaks and decent crystallographic struc-
tures, which is similar to the reported study (Figures S1 and 
S2, Supporting Information).[14b] Admittedly, the peak width 
at half height of SCOF-2 is larger than that of TpPa-COF and/
or SCOF-1, implying the decreased crystallinity for SCOF-2. 
Such phenomenon is majorly attributed to the large steric hin-
drance from dense sulfonic groups, which induces inferior 
π–π stacking between successive COF layers and impaired 
crystallinity. Nevertheless, the SCOF-2 features a larger inter-
layer spacing (c = 4.61 Å) than those of TpPa-COF (3.39 Å) and 
SCOF-1 (4.29 Å), which may induce fast Li+ migration across 
COF interlayer.

Further, the characteristic peak of ≈183.2  ppm in the solid-
state 13C NMR spectra corresponds to the chemical shift of keto-
form carbonyl carbon for SCOF-2 (Figure S3, Supporting Infor-
mation), as well as the similar chemical shifts for TpPa-COF 
and SCOF-1 at 183.9 and 183.6  ppm, respectively (Figures S4 
and S5, Supporting Information). Moreover, FT-IR collections 

show the characteristic peaks at 1246 and 1580 cm–1 for three 
COFs, which ascribe to the C–N and CC stretching vibration 
bands (Figure  1b). As for the SCOFs, the newly formed peaks 
at 1025 and 1080 cm–1 are belonged to the stretching band of 
SO, indicating the existence of sulfonic groups. Thermogravi-
metric analysis shows that all COFs display favorable thermal 
stability under nitrogen atmosphere, and the weight is retained 
41–47% even the temperature up to 800  °C (Figure S6, Sup-
porting Information). According to scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM) 
observations, the morphologies of TpPa-COF and SCOF-2 
are composed of nanoparticles and short nanofibers, while 
the SCOF-1 shows relatively long and smooth nanofiber mor-
phology (Figures S7 and S8, Supporting Information). The N2 
adsorption isotherms show that the TpPa-COF adopt both type 
I and IV isotherms, indicating the coexistence of micropores 
and mesopores. In contrast, the SCOF-1 and SCOF-2 show a 
typical type IV isotherm, showing the presence of mesopores 
(Figure 1c). The Brunauer–Emmett–Teller (BET) surface area of 
TpPa-COF is calculated to be 410 m2 g–1 accompanying with an 
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Figure 1. a) PXRD patterns of SCOF-2. b) FT-IR spectra, c) N2 adsorption–desorption curves, and d) zeta potential value of various COF materials. 
e) Electrostatic potential distributions and dipole moments of SCOF-2 (D is short for Debye). f) Chronoamperometric curve, inset is EIS plots of the 
symmetric cell. g) SEM images and the corresponding elemental mapping images of SCOF-2 modified separator.
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ordered pore size of 1.65  nm, while the SCOF-1 and SCOF-2 
exhibit smaller surface area of 161 and 144 m2 g–1 and mainly 
show mesoporous distributions (Figure S9, Supporting Infor-
mation). Such phenomenon is mainly due to the self-exfoliation 
property of SCOFs, which results in an increase of interlayer 
spacing and a decrease of molecular packing pores.

The surface charge property of COFs is further investigated 
by zeta potential test (Figures S10–S12, Supporting Informa-
tion). As shown in Figure 1d, the TpPa-COF presents a positive 
value of 3.74  mV, while SCOF-1 and SCOF-2 exhibit negative 
values of −6.12 and −11.7 mV, respectively. The negative poten-
tial value indicates the electronegativity nature of SCOF-1 and 
SCOF-2, which arises from the sulfonic groups. Accordingly, 
the SCOF-2 with strong electronegativity could repel poly-
sulfide anions through electrostatic repulsion interaction. As 
the electrostatic potential distribution shown in Figure  1e, the 
sulfonic group in SCOF-2 presents intense electron density 
(red color region), which could form the nucleophilic interac-
tion toward LiPSs.[15] That is to say, the SCOF-2 could block 
polysulfides via both electrostatic repulsion (i.e., repelling poly-
sulfide anions) and chemical trapping (i.e., adsorbing mole-
cular LiPSs), which will be confirmed by later experiments and 
DFT calculation. Compared with TpPa-COF (0 D), the SCOF-1 
and SCOF-2 exhibit increased dipole moment values of 9.44 D 
and 4.75 D, respectively (Figure S13, Supporting Information). 
The dipole moment of SCOF-1 is larger than that of SCOF-2, 
which may be the asymmetric structure of the monosulfonic 
group resulting in enhanced distance between positive and 
negative charge centers.[16]

Subsequently, the COF-modified separators were prepared 
with a thin layer (≈6 µm) and a low COF loading of 0.15 mg cm–2 
(Figure S14, Supporting Information). The physicochemical 
parameters including ionic conductivity and Li+ transference 
number of modified separator were evaluated, respectively.[17a] 
Specifically, the ionic conductivity of SCOF-2 is determined to 
be 2.06 mS cm–1, which is higher than TpPa-COF (0.83) and 
SCOF-1 (1.05), indicating that the sulfonate-rich interface could 
enable efficient Li-ion conduction (Figure S15, Supporting 
Information). Similar to the ionic conductivity, the SCOF-2 
modified separator (Figure  1f) exhibits a higher Li+ transfer-
ence number of 0.88 than that of TpPa-COF (0.63) and SCOF-1 
(0.74), respectively (Figure S16, Supporting Information). The 
ionic conductivity and Li+ transference number of pristine Cel-
gard separator are 0.70 mS cm–1 and 0.61, respectively, which 
are inferior to these COF-modified separators (Figure S17, Sup-
porting Information). Previous report demonstrated that the 
sulfonate groups with electronegativity can simultaneously 
facilitate access by the electrolyte to promote ion pair dissocia-
tion and increase the mobility of Li+.[17b] Accordingly, SCOF-2 
modified separator shows the higher Li+ transference number 
because SCOF-2 possesses both abundant sulfonate groups and 
large interlayer space. Besides, the elemental mapping images 
(Figure  1g) show that SCOF-2 is uniformly coated on the sur-
face of PP separator and forms a dense layer to block the migra-
tion of polysulfides.

The electrochemical performance is investigated with 
the coin cell by pairing the S/CB cathode (75% content, 
1.3–1.5 mgs cm–2), COF-modified separator, and Li anode. 
Cyclic voltammetry (CV) show that the SCOF-2 modified cell 

possesses a narrower polarization voltage (0.414  V) than that 
of TpPa-COF (0.571  V) and SCOF-1 (0.450  V), indicating fast 
kinetics of redox reaction (Figure S18, Supporting Informa-
tion).[18] Further, the diffusion coefficient of Li+ (DLi

+) is also 
measured. Given the CV curves in Figure 2a–c, the cathodic 
and anodic scans typically include two reduction peaks (peak 
IR1, IR2) and two oxidation peaks (peak IO1, IO2), respectively, and 
the peak currents under various scan rates are highly relevant 
with the linear fitting results (Figure S19, Supporting Informa-
tion).[19,20] In particular, the DLi

+ of peak IR2 is calculated to be 
1.32 × 10–7 cm2 s–1 for SCOF-2 modified cell, which is 2.6 and 
4.3 times higher than those of SCOF-1 and TpPa-COF, respec-
tively, which is mainly due to the enhanced interlayer spacing 
of SCOF-2 facilitating the migration of Li+. In addition, it is 
found that the SCOF-2 exhibits higher catalytic activity for the 
conversion of lithium polysulfide than SCOF-1 and TpPa-COF 
(Figure S20, Supporting Information).

Afterwards, the TpPa-COF modified cell shows an initial dis-
charge capacity of 910 mAh g–1 at the current of 0.1 C and a 
relatively low capacity of 300 mAh g–1 at upper discharge pla-
teau (Figure 2d). In contrast, the capacities increase to 1057 and  
1235 mAh g–1 for SCOF-1 and SCOF-2 modified cells, respec-
tively, and present enhanced capacities at upper discharge 
plateau indicating the higher utilization rate of the sulfur 
cathode.[21] In particular, the SCOF-2 modified cell delivers the 
highest capacity of 356 mAh g–1 at the upper discharge plateau, 
as well as the narrowest polarization voltage of 0.10 V between 
the discharge and charge curves. As for the lower discharge pla-
teau (≈2.1 V), the TpPa-COF, SCOF-1, and SCOF-2 deliver 610, 
713, and 879 mAh g–1, respectively. The largest capacity obtained 
for SCOF-2 at the lower discharge plateau indicates the high 
conversion rate from Li2S4 to solid Li2S2/Li2S. Moreover, rate 
performance under the current from 0.1 to 5 C shows that both 
SCOF-1 and SCOF-2 exhibit higher capacities than TpPa-COF 
modified cell (Figure 2e). The corresponding charge/discharge 
curves of these cells at different rates are shown in Figure S21 
(Supporting Information), where it can be detected that the 
SCOF-2 modified cell exhibits the best rate capability. Further-
more, the influence of SCOF-2 modified separator on the per-
formance of Li anode was studied by testing the Li||Li symmetric 
cell. As the rate performance shown in Figure 2f, the SCOF-2 
exhibits narrower voltage hysteresis than pristine PP separator. 
Particularly, the cell with PP separator shows huge voltage hys-
teresis (≥300  mV) at the current density of 5  mA cm–2, while 
the SCOF-2 possesses a stable and small voltage hysteresis 
of 42  mV (see Figure S22 (Supporting Information) for the 
enlargement of Figure 2f). Beyond that, the long-term cycling 
test (Figure 2g) discloses that the cell with SCOF-2 manifests a 
low and stable polarization behavior (≈10 mV), demonstrating 
that the dendrite growth is remarkably inhibited.

Then, the battery was disassembled after rate cycling to 
practically analyze the effect of COF-modified separator on 
Li anode. Obviously, it is observed that many bulk particles 
and cracks on the anode surface for TpPa-COF modified cell 
(Figure 3a), and the corresponding energy dispersive spectros-
copy (EDS) disclosed that there is 16.10% sulfur content on 
its surface (Figure S23, Supporting Information). In contrast, 
the cells with SCOF-1 and SCOF-2 have an intact and smooth 
anode surface (Figure 3b,c), which are detected with low sulfur 
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signals of 9.04% and 5.12%, respectively. In addition, a dense 
and bulky Li layer could be observed from the cross-sectional 
images, the thickness of 180, 130, and 70 µm was obtained for 
TpPa-COF, SCOF-1, and SCOF-2, respectively (Figure  3d–f). 
The increased thickness is mainly ascribed to that the cross-
over polysulfides interact with the Li metal and finally reduce 
to solid-state Li2S2/Li2S on the anode surface.[22] As illustrated 
in Figure 3g, the none-sulfonate COF (TpPa-COF) may possess 
a little chemical interaction toward polysulfides and bring about 
dense passivation and corrosion layer on the surface of anode, 
which is the major reason for the formation of Li dendrite over 
long-term cycling. Moreover, the monosulfonate COF (SCOF-1) 
has the inferior ability of polysulfide blocking and give rise to 
the uneven distribution of Li-ion flux and anode corrosion after 
long-term cycling (Figure  3h). Particularly, the dual-sulfonate 
COF (SCOF-2) possesses a strong electronegative ability for 
blocking polysulfides and achieves a uniform Li-ion distribu-
tion, resulting in a stable SEI layer and dendrite-free anode 

(Figure  3i). Therefore, the SCOF-2 modified separator could 
serve as an efficient ionic sieve to uniformly filter and redis-
tribute the Li-ion flux and regulate the Li plating/stripping 
process.

To deeply probe the role of sulfonate COF in blocking the 
shuttle of polysulfides, in-situ Raman spectroscopy was con-
ducted to detect the polysulfides shuttling to the anode side 
in real-time.[23] As shown in Figure 4a–d, the time-resolved 
Raman contour maps and selected Raman signals of TpPa-
COF or SCOF-2 modified cells at different discharge states are 
compared, respectively. For the cell with TpPa-COF-modified 
separator, signals of S8

2– (characteristic peaks at 150, 219, and 
478 cm–1) are detected at the beginning of discharge (2.33  V), 
indicating that the long-chain Li2S8 is formed and shuttled. 
Following the discharge process, the three main peaks of S8

2– 
slightly decrease, and peaks at around 300 and 400 cm–1 arise 
at the same time, which are belonged to the characteristics 
S4

2–, S5
2–, and S6

2–, respectively.[24] Moreover, the prominent 
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Figure 2. CV profiles at different scan rates with a) TpPa-COF , b) SCOF-1, and c) SCOF-2 modified separator. The charge–discharge voltage profile at 
the current of d) 0.1 C, and e) rate performance of COF-modified separator. f) Rate performance and g) cycling stability of Li||Li symmetric cells with 
Celgard and SCOF-2 modified separators (insets are the local enlargement of selected cycles).
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characteristic peaks of S4
2–, S5

2–, S6
2–, and S8

2– are still remained 
during the charge process (Figure S24, Supporting Informa-
tion), suggesting polysulfides shuttling and the irreversible loss 
of sulfur species. In contrast, the cell containing SCOF-2 modi-
fied separator shows tiny Raman signals of polysulfides in both 
the discharge and charge processes, demonstrating that the 
migration of polysulfides is effectively blocked.

Additionally, the elemental compositions on the surface of 
cycled COF-modified separators were analyzed by X-ray pho-
toelectron spectroscopy (XPS). It should be noted that all the 
separators are tested after the charge process. As shown in 
Figure  4e, all S 2p bands are decoupled into two sub-peaks 
(S 2P1/2 & S 2P3/2) with an energy gap of 1.18  eV. Specifi-
cally, the binding energies at 163.97, 163.20, and 161.78 eV are 
indexed to the bands of S8, bridging S–S, and terminal S–Li, 
respectively.[19] It is found that sulfur species on different COF-
modified separators exhibit various valence states, implying that 
the redox reversibility of polysulfides is different. Thereafter, 
the band areas of sulfur species are quantified to facilitate fur-
ther analysis (Figure S25, Supporting Information). As for the 
TpPa-COF modified cell, the terminal S–Li band area (41.2%) is 
larger than those of bridging S–S (35.8%) and S8 (23%), which 
indicates that many Li2S2/Li2S did not oxidize to S8 after full 
charge. After the modification with SCOF-1, the conversion 
rate of Li2S2/Li2S to S8 is increased, and the main band change 
to bridging S–S (36.4%) and S8 (35.5%). In particular, the 

dominant substances on SCOF-2 surface turn to be S8 (66.4%), 
demonstrating that SCOF-2 can greatly promote the conversion 
of polysulfides. Besides, three sub-peaks at 56.13, 55.42, and 
55.03 eV in Li 1s spectrum of TpPa-COF sample correspond to 
the Li–F, Li2Sn, and Li–O bonding types (Figure  4f). In com-
parison, the peaks shift to high binding energy regions when 
with SCOF-1 or SCOF-2 modified separator, indicating the 
enhanced oxidation state of Li species. Especially, the SCOF-2 
has the largest Li–O bonding areas (26.8%), which is probably 
due to the sulfonic group bringing about strong interaction 
with LiPSs.

Moreover, DFT calculations were applied to detect the active 
site and interaction energy of SCOFs toward polysulfide. Gener-
ally, the lowest unoccupied molecular orbital (LUMO) has the 
characteristics of electrons initially filled and extracted, which 
signifies the most active site for redox reaction.[25] As shown 
in Figure  4g, the LUMO and HOMO configurations of TpPa-
COF are delocalized on the whole skeleton, while SCOF-1 
and SCOF-2 show more concentrated configurations and the 
LUMO configuration is mainly concentrated in the benzene-
sulfonic group signifying the active site. Accordingly, the nar-
rowest bandgap of 2.45 eV is obtained for SCOF-2 suggesting 
the enhanced electron conductivity, which is favorable for the 
conversion of intercepted polysulfides. It is well known that 
the soluble polysulfides mainly include the polysulfide anions 
(e.g., S4

2–, S6
2–, and S8

2–) and molecular LiPSs (e.g., Li2Sn, 
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Figure 3. a–c) Top-view and d–f) cross-sectional SEM images of Li anode, a,d) for TpPa-COF, b,e) for SCOF-1, and c,f) for SCOF-2, respectively. Sche-
matic illustration of cycled Li behaviors with g) TpPa-COF, h) SCOF-1, i) SCOF-2 modified separators, respectively.
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4 ≤ n  ≤ 8).[26] Here, the S6
2– and Li2S6 as representative poly-

sulfides are selected to investigate the interaction with COFs. 
As shown in Figure  4h, the interaction energy between COFs 
and S6

2– exhibits a positive energy value indicating the elec-
trostatic repulsion between COF and polysulfide anions. Spe-
cifically, an energy value of 11.9  kcal mol–1 is obtained for the 
TpPa-COF monomer toward S6

2–, while the energy increases to 
19.4 and 25.3  kcal mol–1 for SCOF-1 and SCOF-2 monomers, 
respectively, implying the increased repulsion ability of SCOFs. 
Beyond that, the interaction energy between COF monomer and 
Li2S6 shows a negative value, suggesting the binding behavior 
between COF and LiPSs. Compared with the TpPa-COF, SCOFs 
present increased binding energies, and the SCOF-2 shows 
the largest binding energy of −26.3 kcal mol–1, which is mainly 
induced by the Lewis acid-base interaction between the sulfonic 
group and electron-deficient lithium atom of LiPSs.[21] The 
interaction between SCOF and Li2S6 was further verified by 

visual adsorption experiment and corresponding UV–vis anal-
ysis (Figure S26, Supporting Information). According to the 
DFT calculation, the SCOF-2 modified separator can block the 
undesired polysulfides shuttle in both the ways of electrostatic 
repulsion (i.e., repelling polysulfide anions) and chemical trap-
ping (i.e., adsorbing molecular LiPSs), which is illustrated by 
Figure S27 in the Supporting Information.

One of the most grievous problems in Li–S batteries is the 
self-discharge behavior, which can result in the decrease of 
open-circuit potential (OCP) and cyclability.[27] Hence, the anti-
self-discharge ability is an important descriptor to evaluate the 
practical performance of Li–S batteries. As shown in Figure S28 
in the Supporting Information, the batteries with different 
COF-modified separators are compared by the attenuation 
of OCP over 120 h standing, of which the SCOF-2 possesses 
the highest OCP value. Furthermore, the batteries discharged 
to 2.1  V at 10th cycle and rested for one week (Figure 5a). 

Figure 4. Time-resolved Raman spectra at 0.10 C of the discharge process and Raman signals of the batteries at different voltage states with a,b) TpPa-
COF and c,d) SCOF-2-modified separators, respectively. XPS spectra of e) S 2p and f) Li 1s with different COF-modified separators at charged state. 
g) The lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of various COF skeletons. h) Interaction 
between sulfur species (S6

2– and Li2S6) and various COF monomers.
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Specifically, the TpPa-COF modified cell maintains a low final 
potential of 2.17  V and experiences a high capacity loss of 
26.8% (150 mAh g–1) that relative to the 10th discharge capacity 
(Figure 5b). In the case of SCOF-1, it shows a potential of 2.18 V 
after rest, while it still suffers from a relatively high capacity 
loss of 15.9% (120 mAh g–1). Surprisingly, the SCOF-2 based 
cell exhibits a high potential of 2.21 V and simultaneously has a 
low capacity loss of 6.0% (65 mAh g–1), indicating an excellent 
anti-self-discharge performance. In the subsequent cycles, the 
battery with SCOF-2 can still maintain stable cycle performance 
(Figure S29, Supporting Information), while the batteries with 
SCOF-1 and TpPa-COF manifest rapid capacity attenuation. 
These results validate that the sulfonate-rich COF modified cell 
has a strong ability to alleviate the self-discharge behavior.

Other factors including long-term cycling stability, high-
sulfur loading, and lean electrolyte should also be critically con-
sidered in practical application.[28] The cycling performances 

over 800 cycles at 1 C were investigated (Figure  5c). The 
SCOF-2 initially delivers a decent capacity of 795 mAh g–1 
and maintains a reversible capacity of 497 mAh g–1 after 800 
cycles, which accompanies a low attenuation rate of 0.047% per 
cycle and a favorable average coulombic efficiency of 98.9%. In 
contrast, the TpPa-COF and SCOF-1 modified cells show low 
capacities and rapid decay during cycling (Figure S30, Sup-
porting Information), fading from 739 to 282 mAh g–1 and 745 
to 372 mAh g–1, respectively. Meanwhile, an obvious decre-
ment of coulombic efficiencies for SCOF-1 (96.3%) and TpPa-
COF (94.2%) are obtained, indicative of insufficient ability of 
polysulfides blocking. To further pursue high-energy-density 
Li–S batteries, the S/CNT cathode that with 79 wt% sulfur con-
tent (Figure S31, Supporting Information) was prepared and 
used to study the electrochemical performances with high-
sulfur loading (≥5 mg cm–2) and lean electrolyte (5 µL mgs

–1). 
As shown in Figure  5d, the SCOF-2 modified cells with 3.2, 

Figure 5. Comparison of electrochemical performance. a) Self-discharge behavior over 7 d rest. b) Comparison of capacity retention after rest, solid 
line is 10th cycle, dash line is 11th cycle. c) Long-term cycling at 1 C over 800 cycles. d) Cycling performance with S/CNT cathode under various sulfur 
loading of 3.2, 5.3, and 8.2 mg cm–2, respectively.
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5.3, and 8.2  mg cm–2 show initial capacities of 1036, 916, and 
740 mAh g–1 after two cycles of preactivation at 0.05 C, and 
maintain 855, 698, and 601 mAh g–1 after 100 cycles at the cur-
rent of 0.2, 0.15, and 0.1 C, respectively, accompanying with 
82.5%, 76.2%, and 81.2% capacity retentions (Figure S32, Sup-
porting Information). Accordingly, the SCOF-2 modified cell 
can reach an areal capacity of 6.06 mAh cm–2 and retain a 
desirable capacity of 4.92 mAh cm–2 after 100 cycles, which is 
superior to the state-of-the-art LIBs (≈4 mAh cm–2) and over-
whelms most other organosulfur cathodes or polymer-modified 
separators used in Li–S field (Tables S1 and S2, Supporting 
Information).

3. Conclusion

In summary, we design and synthesize a sulfonate-rich COF 
(SCOF-2) and use it to modify the separator of Li–S batteries, 
providing a solution for tackling the issues of polysulfides 
shuttle and Li-dendrite growth. In comparison with the none/
monosulfonate COFs, the dual-sulfonated COF (SCOF-2) with 
concentrated negative charge holds the merits of enhanced 
interlayer spacing and narrow bandgap, which can not only 
facilitate the Li+ migration but also alleviate the formation of 
Li-dendrites. Moreover, the SCOF-2 could block polysulfides via 
both electrostatic repulsion (i.e., repelling polysulfide anions) 
and chemical trapping (i.e., adsorbing molecular LiPSs). 
Therefore, the SCOF-2 modified cells exhibit excellent anti-
self-discharge behavior by a low capacity attenuation of 6.0% 
over one week rest, and an ultralow attenuation rate of 0.047% 
per cycle over 800 cycles at 1 C. When coupled with S/CNT 
cathode under the conditions of 8.2  mg cm–2 sulfur loading 
and lean electrolyte (5 µL mgs

–1), a desirable reversible capacity 
of 4.92 mAh cm–2 and 81.2% capacity retention over 100 cycles 
were achieved. This work may evoke the enthusiasm for 
exploring advanced COFs for high-performance Li–S batteries.
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from the author.
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